The Bureau of Reclamation has examined the damping of local mode oscillations using three types of power system stabilizers (PSS) -internal frequency, electrical power, and accelerating power. Comparisons of operating characteristics such as PSS output noise and sensitivity t o load changes are also included. Results are based on the analysis of field test data and analog computer simulation. Methods that can be used at remote sites during PSS alignment tests have been employed.
INTRODUCTION
The Bureau of Reclamation has used power system stabilizers with internal or terminal frequency as input for many years [1,2,31. In certain situations, the gain of these stabilizer types cannot be optimized because of high noise amplitude at the stabilizer output. This noise arises from large phase lead compensation and the susceptibility of frequency transducers to noise on the system. Large phase lead is required because many generators equipped with PSS have rotating exciters or have been tuned with enough transient gain reduction to permit operation of the generator with the PSS out of service.
Power type stabilizers should produce less noise because they require less phase compensation [4] . Therefore, an effort was initiated to investigate this solution to the PSS noise problem. As a part of this effort, the local mode damping performance and load change sensitivity of the three PSS types were investigated.
Comparison of the three PSS types is based on equivalent phase response of the signal conditioning circuits. The performance evaluation is based on the root locus of the system local mode with varying PSS gain as measured from time domain records. Other analytical tools have been described in the literature [4, 5, 6, 7, 8] ; however, this technique was chosen because it can be used at remote sites during PSS tuning tests. Comparisons between field data and computer simulations can then be made.
Field testing was performed on unit 1 at Blue Mesa powerplant. The unit is rated 48 MVA and 11.5 kV, and equipped with a high-initial response static excitation system. The appendix contains a list of generator and excitation system parameters. Two stabilizers were used for testing. One was a digital power system stabilizer, which used potential transformer (PT) and current transformer (CT) signals to produce frequency, electrical power, and accelerating power signals. The other was a standard frequency input PSS. 
BASIC PRINCIPLES
The relationship between shaft speed (or internal frequency), accelerating power, and electrical power is illustrated in figure 1 . If the mechanical power ( P, ) is constant, negative changes in electrical power (P 1 precede positive changes in speed by 90 This hardware can also implement a speed (actually internal frequency) PSS by setting T, to zero and M equal to T,. These adjustments remove the electrical power signal and produce a washout for the internal frequency signal.
ADJUSTMENT CRITERIA a) Frequency Input PSS To be consistent with adjustment procedures used for many years by Western Systems Coordinating Council, the washout time constant T, should be about 3 0 seconds (0.0053 Hz). This adjustment eliminates significant phase lead at frequencies of 0.05 Hz and above and allows the U.S. Government Work Not Protected by U.S. Copyright PSS to contribute damping for the lowest known system modes of oscillation.
The signal conditioning lead time constants T, and T, (zeros) are set t o compensate for excitation-control-system phase lag at local mode frequency. The lag time constants T, and T, (poles) are set about 8 to 10 times smaller than T, andTS. The description in the above paragraph requires a governor response time slower than 0.2 second (0.7 Hz). Time constants Tf and T set smaller than 0.2 second results in a PSS that is more k!usceptible to noise and is related to the derivative of the frequency signal. Therefore, these time constants should be as large as possible, but shorter than the governor response time.
The adjustment criteria of the lead/lag time constants T,-T, is identical to the electrical power input case.
d) Gain and Phase Criteria
Power system stabilizer performance is sensitive t o the phase compensation established by the signal conditioning circuits. Therefore, a performance comparison between various PSS input types should be based on equivalent phase compensation.
With equivalent phase compensation, all three PSS types have the same root locus characteristic path for the local mode. However, at the same point on the root locus, the per unit gain of a powei type PSS is typically higher than that of a frequency type PSS; that is, with the same damping ratio and frequency, a power type PSS has higher per unit gain than a frequency type PSS. But if the gain of the signal conditioning stage and the machine inertia (MI are evaluated at the oscillation frequency, the overall gain of the three PSS types is equal at common points on the root locus. Experimental tests were conducted using a digital PSS with the structure shown on figure 2. Unfortunately, the slow cycle time of this digital PSS prevented implementation of time constants smaller than 50 ms (3 Hz). This limitation prevented optimal setting of the digital PSS lead/lag time constants.
Frequency responses of the digital PSS were measured for the electrical power and frequency input types, and Bode plots were then drawn. The phase curves had the same shape but were 90 degrees out of phase. Subtracting the 90-degree phase shift from the electrical power PSS plot resulted in phase curves that were identical above 0.1 Hz, as shown on figure 4. The phase response of the accelerating power PSS is not shovirn, because it is impossible t o measure a frequency response of a single-output, multiple-input system. However, because electrical power and accelerating power PSS's use the same adjustment criteria, their signal conditioning phase responses should be identical. This is accomplished by setting the lead/lag time constants to the same values.
A third lead/lag pair was added to exactly match the characteristics of the digital PSS when operating as a frequency type PSS. This third pair was set as follows:
T, = 3rd lead = 0.06365 s T, = 3rd lag = 0.05 s
The system impulse response with a PSS gain of 15 per unit is shown on figure 6a . The PSS provides damping of the local mode oscillation while the PSS output shows a very small amplitude of high frequency noise.
Examination of figure 4 shows the phase curves have the same shape, but different corresponding gain curves. The frequency input PSS has higher gain in the high frequency region indicating that the frequency input PSS is more susceptible t o high frequency noise than the power input types. 
a) Frequency input PSS tests

b) Electrical power input PSS tests
The digital PSS was used to implement the electrical power input PSS. To achieve the frequency response shown on figure 4 , the PSS time constants were set as follows: During a load-change response test with the electrical power PSS, the PSS output went to the ceiling as the load changed. The PSS output was disconnected from the regulator to prevent terminal voltage change. If it had been connected, the terminal voltage would have been forced to change by 10 percent. The PSS, with these parameters, was too sensitive t o a normal operator effected load change.
Repeating the load-change test with the value of Tp changed t o a more traditional power type PSS value of 5 seconds found the PSS still too sensitive as shown in figure  7 . In addition, if the value of Tp is less than 1 0 seconds (0.016 Hz), the PSS would be overcompensated at low frequency [71.
c) Accelerating power input PSS tests
The digital PSS was also used t o implement the accelerating power PSS. The tuning concept used for an accelerating power PSS is similar to that used for an electrical power PSS; therefore, the parameters were set as follows:
The lead/lag time constants were set the same as in the electrical power PSS case.
The system impulse response with PSS gain of 15 per unit is shown on figure 6b. Again, PSS output noise amplitude is small while the local mode oscillation is well damped and For frequency input, the signal conditioning gain is 18.6 dB at the local mode frequency, which is 8. 5 per unit. Therefore the overall gain for 1.8-Hz signals is 17 per unit.
For the power input cases, the machine inertia block has a gain of 44 per unit at the local mode frequency while the compensation circuit has a gain of -31 dB (0.0282 per unit). Therefore, the overall gain for 1.8-Hz signals is 18. 6 per unit from an equivalent frequency input.
For a more accurate comparison of local mode damping performance, the following sections describe an analog computer simulation of these systems.
ANALOG COMPUTER SIMULATION An analog computer was used to simulate unit 1 at Blue Mesa powerplant as a single-machine-infinite-bus system.
The simulation also included the accelerating power PSS algorithm shown on figure 2. Simulation was employed because 1) the field data were embedded in noise, preventing direct retrieval of a root locus and 2) the digital PSS could not provide optimal signal conditioning.
Simulation Case 1-Field Test Compensation a) Frequency input
The frequency input PSS was adjusted to match field test data. The local mode root locus with varying PSS gain is shown on figure 9 , trace 1. This root locus curves up and turns to the right as expected because of system undercompensation [61. The root locus indicates that the best damping ratio for this frequency input PSS compensation comes with a PSS gain of about 1.9 per unit. Increasing gain with this compensation does not improve the damping ratio Step responses without PSS and with a PSS having a gain of 1.9 per unit are shown on figure 10. As in the field data case, the gain should be multiplied by 8.5 t o obtain the overall gain at 1.8 Hz, resulting in a gain of 16
per unit for signals at this frequency.
b) Electrical power input
The electrical power PSS was also adjusted to match field test data. The local mode root locus with varying PSS gain is shown on figure 9, trace 2. This root locus also curves up and turns to the right. The best damping ratio for this compensation is obtained with a PSS gain of 12 per unit.
The step response with a PSS gain of 12 per unit is shown on figure 1 l a . As in the field-data case, the gain should be multiplied by 44 and 0.0282 to obtain the overall gain at 1.8 Hz, thereby resulting in a gain of 15 per unit for signals at this frequency. This root locus goes straight to the left, indicating the system has optimal phase compensation for the local mode.
To obtain optimal PSS gain, other system modes of Again, for gain comparison with other PSS types, the signal conditioning gain should be considered. The compensation gain is 15.9 dB at the local mode frequency, which is a gain of 6.24 per unit. Therefore, the overall gain evaluated at 1.8 Hz is 13.1 per unit.
The electrical power PSS was adjusted to obtain the frequency response shown on figure 12, trace 2. The local mode root locus with varying PSS gain is shown on figure   13 , trace 2. This root locus also goes straight t o the left.
To achieve approximately the same damping ratio as in the frequency input case, the electrical power PSS requires a gain of 16 per unit. The step response is shown on figure 14b.
For gain comparison, the signal conditioning gain and machine inertia should again be considered. At the local mode frequency, the compensation gain is 0.01 84 per unit, and the machine inertia gain is about 4 4 per unit. Therefore, the overall gain evaluated at 1.8 Hz is 13.0 per unit.
c) Accelerating power input The accelerating power PSS was adjusted using the same lead/lag time constants as in the electrical power case. The local mode root locus with varying PSS gain is shown on figure 13 , trace 3. This root locus also goes straight to the left. To achieve the same damping ratio as in the electrical power case, the accelerating power PSS also requires a gain of 1 6 per unit. The step response is shown on figure  14c . The gain comparison for this PSS is the same as in the electrical power case.
CONCLUSIONS
All three PSS types can be tuned to damp local mode oscillations. The power PSS types have higher per unit gain than the frequency PSS type for the same local mode damping ratio. However, if the machine inertia and signal conditioning gains are evaluated at the local mode frequency, the gain of all three types is equal.
To achieve optimum phase compensation for local mode oscillations, the phase response of the signal conditioning circuits should curve up and back down, peaking at local mode frequency. The peak value depends on the excitationcontrol-system phase lag at the local mode frequency.
With adequate phase compensation, the frequency input PSS produces high noise amplitude at the output, while the outputs of both power type PSS's are nearly noise free. The electrical power PSS produces large voltage variations during normal load changes, but the accelerating power PSS gives an acceptable response.
Therefore, it is our opinion that the accelerating power PSS is the preferred stabilizer of the three types evaluated. This is, of course, based on local mode oscillation damping, PSS output noise, and load change sensitivity evaluation criteria.
